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The plasmasphere/ring-current/radiation-belt are interacting systems. The mag-
netic field generated by the ring current changes the drift paths of energetic par-
ticles. Pressure gradients in the ring current produce the region 2 field aligned 
currents, which close in the ionosphere and create an electric field that acts to 
shield the lower-latitude region from the full force of convection. In turn, this 
shielding field alters the transport of the ring current and plasmaspheric plasmas. 
Furthermore, the anisotropy in the ring current plasmas excites waves that cause 
pitch-angle and energy diffusion of radiation belt and ring current particles. On the 
other hand, the precipitation of energetic electrons modifies the ionospheric conduc-
tances, and thus the electric field configuration in the magnetosphere-ionosphere 
system. A number of models of the plasmasphere, ring current and the radiation 
belt have been developed to study the behaviors of the inner magnetosphere during 
geospace storms. However, the majority of these models are designed to study a 
particular plasma population, without the consideration of interactions from others. 
In this paper, we briefly describe state-of-the-art models of the plasmasphere, ring 
current, and radiation belt, and present results from a preliminary coupling effort. 
The coupled models are shown to produce certain observed features of the inner 
magnetosphere: the post-midnight peak of storm main phase ring current ion flux; 
the plasmaspheric disturbance produced by impulsive substorm plasma injections, 
and the slow ramp-up of geosynchronous fluxes associated with energy diffusion. 
We conclude by presenting a framework on coupling these models together inter-
actively to make significant progress toward a realistic plasmasphere/ring-cur-
rent/radiation-belt interaction model. 

1. INTRODUCTION

The inner magnetosphere is commonly defined in the 
vicinity above the topside ionosphere at ~ 1000 km to L ~ 
8. In the inner magnetosphere, the particle magnetic drifts 
are strong and depends on particle energy and pitch angle. 
As a result, charged particles with different energies and 
pitch angles drift differently and they cannot be described 
as a single f luid. There are three major plasma popula-
tions in the inner magnetosphere: the plasmasphere, the 
ring current and the radiation belt. The plasmasphere 
consists of cold (~ 1 eV) electrons and ions with density 
on the order of 1000 cm-3 inside the sharp boundary 
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called the plasmapause, whose location can vary from L
~ 2 to 6 depending on magnetic activities [Carpenter and 
Anderson, 1992]. The particle source of the plasmasphere 
is from the ionosphere. The shape of the plasmapause is 
controlled by convection, refilling rate from and loss rate 
to the ionosphere. The ring current is a population of hot 
electrons and ions with energies ranging from ~ 1 to 300 
keV. It occupies from L~ 2 to 8 with particle density in 
the range of 0.1–10s cm-3. Even though the ring current 
is much less dense than the plasmasphere, it carries most 
of the plasma pressure (~ 10–100 nPa) in the inner mag-
netosphere. The main particle source of the ring current 
is the plasma sheet, which consists of particles from the 
solar wind and the ionosphere. During geospace storms, 
particles are injected and accelerated from the plasma 
sheet into the ring current region. Strong convection force 
can push the ring current deeply inward to L 2 on the 
nightside. During the main phases of storms, the ring 
current is highly asymmetric in local time with the peak 
located on the nightside [Le et al., 2004]. The ring cur-
rent decays in the storm recovery and gradually becomes 
uniform in local-time. The radiation belt consists of rela-
tivistic electrons (E > 30 keV) and ions (E > 20 MeV). It 
occupies in the same region of the ring current. Radiation 
belt particles are originated in the solar wind, ionosphere 
and cosmic rays [Walt, 1996; Baker et al., 1996]. They 
can be accelerated and enhanced in intensity during vari-
ous events and processes: solar energetic proton events, 
interplanetary shocks, storm sudden commencements, 
storm and substorm injections [Baker et al., 1996; Hudson
et al., 1996; Summers et al., 1998; Elkington et al., 1999]. 
Though radiation belt particles contribute insignificantly 
in plasma density and pressure in the inner magneto-
sphere, their sources, sinks and variabilities are subjects 
of great interest because of the possible radiation hazards 
to spacecraft electronics and humans in space.

The plasmasphere, the ring current and the radiation 
belts are not independent populations. They interact with 
each other in many different ways. The plasmasphere pro-
vides the environment for various plasma wave generation 
and propagation. These waves may interact with the hot 
plasmas, causing diffusion, degradation and acceleration 
in energy and pitch angle of the energetic particles. Ring 
current ions experience energy degradation by interact-
ing with the plasmaspheric electrons and ions through 
Coulomb collisions. Fok et al. [1991] found that Coulomb 
interactions are more important than charge exchange in 
determining the decay lifetimes for ring current H+ below 
a few keV and for ring current He+ and O+ below a few 
tens of keV. On the other hand, the energy transferred to 
the plasmaspheric ions and electrons through Coulomb 

collisions with the ring current ions is a source of plas-
masphere heating. Fok et al. [1993] calculated the energy 
deposition rate to the plasmasphere electrons and the cor-
responding heat f lux to the subauroral ionosphere. The 
calculated heat f lux is sufficient to produce a subauroral 
electron temperature enhancement and stable auroral red 
(SAR) arc emissions that are consistent with observations 
during active periods. The effects of ring current heating 
to the plasmasphere ions through Coulomb interactions 
were also investigated by Fok et al. [1995]. They calcu-
lated the plasmaspheric ion temperature with the addi-
tional heat f lux from the ring current and reproduced the 
high ion temperatures often seen at high altitudes during 
storm times.

Energetic particles in the ring current often have aniso-
tropic phase space distribution functions. When the effec-
tive ion temperature anisotropy  exceeds some 
positive threshold, these particles will provide the free 
energy source needed to generate electromagnetic ion 
cyclotron (EMIC) waves [Cornwall, 1964, 1965; Kennel 
and Petsheck, 1966; Lyons and Williams, 1984]. In turn, 
the EMIC waves provide a mechanism to control the ring 
current evolution and precipitation loss rate [Cornwall et 
al., 1971]. During the storm main phase, the ring current 
decay rate due to resonant interaction with EMIC waves 
can be substantially faster than the decay rate due to charge 
exchange or Coulomb scattering. Fok et al. [1993] and 
Kozyra et al. [1998] investigated the decay of the ring cur-
rent ions using simple magnetic storm models considering 
loss mechanisms such as charge exchange and Coulomb 
collisions. They found additional loss processes, possibly 
wave-particle interactions, have to be included to account 
for the observed decay rates. Ring current particles also 
play important roles on the global convection in the inner 
magnetosphere and the subauroral ionosphere. A non-zero 
divergence in the ring current produces field aligned cur-
rents that flow out or into the ionosphere, where currents 
are closed through ionospheric currents [Wolf, 1983]. The WolfWolf
resultant electric field generated in the ionosphere often 
opposes the original convection electric field and provides 
shielding of the inner magnetosphere from the full force of 
convection [Wolf 1995]. Another signature of the ring cur-WolfWolf
rent is the self-generated magnetic field. During the main 
phase of a storm, the magnetic field produced by the ring 
current can significantly deplete the main field and alter the 
drift paths of plasmas, especially radiation belt particles. 
In order to conserve the third adiabatic invariant, energetic 
charged particles drift outward when the magnetic field 
is reduced. The particle energy thus decreases, and some 
of them may be lost from the trapped region if their drift 
paths encounter the magnetopause boundary. This is the 
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well-known Dst effect of the radiation belt that is often seen 
as a flux decrease during storm main phases [Dessler and 
Karplus, 1961; Kim and Chan, 1997].

Similar to the ring current ions, anisotropic pitch-angle 
distribution in energetic electrons (10–100 keV) excite 
whistler-mode waves in the magnetosphere [Kennel and 
Petschek, 1996; Lyons et al., 1972]. Wave-particle interac-
tions play important roles on the development of radiation 
belt plasmas. Lyons et al. [1972] suggested that pitch-angle 
diffusion of radiation belt electrons resulting from reso-
nant interactions with plasmaspheric whistler-mode waves 
(~ 300–1000 Hz) is responsible for the formation of the 
quiet-time electron slot region. Summers and Ma [2000] 
derived the energy spectra of relativistic electrons (> 1 
MeV) in the inner magnetosphere by solving an energy 
diffusion equation, with the diffusion coefficient calcu-
lated based on gyroresonant electron-whistler mode wave 
interaction and parallel wave propagation. They found this 
stochastic acceleration of electrons is a viable mechanism 
for generating killer electrons during geomagnetic storms. 
This diffusive interaction is strong just outside the plas-
mapause, where the cold plasma density is low and the 
magnetic field strength is still relatively high [Summers 
et al., 1998]. As the shape of the plasmasphere evolves 
during a storm, the region of strong energy diffusion will 
vary accordingly. This is another ample example of plas-
masphere/radiation-belt coupling. Furthermore, energetic 
electrons have influences on the electric coupling in the 
global magnetosphere-ionosphere (M-I) system. Enhanced 
electron precipitations during geospace storms increase 
the ionospheric conductances and change the convection 
electric field, which, in turn, modifies the transport of the 
ring current and plasmasphere.

A number of physics-based models of the plasmasphere, 
ring current and the radiation belt have been developed 
to study the behavior of the inner magnetosphere during 
geospace storms [Rasmussen et al., 1993; Ober et al., 
1997; Chen et al., 1994; Fok and Moore, 1997; Fok et al., 
2001b, Toffoletto et al., 2003; Jordanova et al., 1997; 2001, 
Bourdarie et al., 1996; 1997; Fok et al., 2001a; Zheng 
et al., 2003]. However, the majority of these models are 
designed to study a particular plasma population, without 
the vigorous consideration of interactions from others. In 
this paper, we will briefly describe state-of-the-art models 
of the plasmasphere, ring current, and radiation belt. Only 
one model from each plasma population will be discussed 
as well as results from a preliminary coupling effort. 
We conclude by presenting a framework on coupling all 
these plasma populations together interactively to make 
significant progress toward a realistic plasmasphere/ring-
current/radiation-belt interaction model.

2. STATE-OF-THE-ART MODELS OF THE 
INNER MAGNETOSPHERE

2.1 The Radiation Belt Environment (RBE) Model

The Radiation Belt Environment (RBE) model is a kinetic 
model that calculates the temporal variation of the phase 
space density of energetic electrons by solving the following 
bounce-averaged Boltzmann transport equation [Fok et al., 
2001a; Zheng et al., 2003]:

(1)

where , is the average distribution 
function on the field line between mirror points. i and i
are the magnetic latitude and local time, respectively, at the 
ionosphere foot point of the geomagnetic field line. M is the MM
relativistic magnetic moment and 
ionosphere foot point of the geomagnetic field line. ionosphere foot point of the geomagnetic field line. 

, where J is JJ
the second adiabatic invariant. The motion of the particles is 
described by their drifts across field lines which are labeled 
by their ionospheric foot points. The M range is chosen to MM
well-represent the energy ranges of electrons from 10 keV to 
4 MeV. The K range is chosen to cover the loss cone so that KK
particle precipitations can be estimated as well. 

The left hand side of (1) represents the drifts of the particle 
population and the terms on the right hand side of (1) refer to 
diffusion and loss. The calculation of the bounce-averaged 
drift velocities, iñ and , were described in detail in 
Fok and Moore [1997]. These drifts include gradient and 
curvature drift, and E? B drift from convection and corota-
tion electric fields. The effects of inductive electric field due 
to time-varying magnetic field are also taken into account 
implicitly in the model. For this purpose, we have assumed 
that field lines are rooted at the ionosphere, so that the induc-
tive electric field there is zero. However, the shapes of field 
lines at higher altitudes vary as a function of time according 
to the magnetic field model. If field lines are perfect conduc-
tors, the field line motion at high altitudes, e.g., at the equa-
tor, will generate an induction electric field of the form,

Eind = ind = ind vo ´ Bo (2)

where vo and Bo are the field line velocity and magnetic field 
at the equator. 

The first term on the right hand side of (1) represents 
particle diffusion in as a result of energy diffusion due 
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to interactions with plasma waves. The relation between 
energy diffusion coefficient (Denergy diffusion coefficient (Denergy diffusion coefficient ( EE) and the corresponding 
coefficient in M (M (M D (D ( MM) is given as,

 (3)

where Eo is the electron rest energy and Bm is the magnetic 
field at the mirror point. The second term on the right hand 
side of (1) represents pitch-angle diffusion from interacting 
with waves, where o is the equatorial pitch angle. For pure 
pitch-angle diffusion (Epitch-angle diffusion (Epitch-angle diffusion (  unchanged) in the (EE M unchanged) in the (M unchanged) in the ( , MM K) coordinates, 
we first map the particle phase space density from the (Mwe first map the particle phase space density from the (Mwe first map the particle phase space density from the ( , MM K) 
to (Eto (Eto ( , o) coordinates, perform diffusion in o, and then map 
the updated distribution back to the (Mthe updated distribution back to the (Mthe updated distribution back to the ( , MM K) coordinates [Fok ) coordinates [) coordinates [
et al., 1996]. The diffusion terms are followed by the loss 
term of the loss cone, the boundary of which is assumed to 
correspond to mirror height of 120 km. Particles in the loss 
cone are assumed to have a lifetime of one half bounce period 
(0.5 b).

Eq. (1) includes multiple terms of different processes. We 
use the method of fractional step to decompose the equation 
and solve only one term at a fractional step [Fok et aland solve only one term at a fractional step [and solve only one term at a fractional step [ ., 1993]. 
To solve (1), we have to specify the electric, magnetic fields 
and the particle distribution on the nightside boundary, which 
is set at 10 Earth radii (Ris set at 10 Earth radii (Ris set at 10 Earth radii ( E). We have been using empirical 
models such as Tsyganenko 1996 model [Tsyganenko 1995] 
for the magnetic field and Weimer model [Weimer 2001] 
for electric field [Zheng et al., 2003]. We have also run the 
RBE model with the magnetic and electric fields output from 
the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme
(batsrus) MHD model [Groth et al., 2000; Gombosi et al.,
2003]. Both the electric and magnetic fields are updated every 
5 minutes or less. The effect of radial diffusion is integrated 
in these time-varying fields.

The RBE model is almost the unique existing model that 
provides predictions of energetic electron distributions covering 
the entire radiation belt region and energy, with the considering 
of realistic and time-varying magnetic and electric fields. Zheng 
et al. [2003] showed that the RBE model gives reasonably well 
agreements with the observed energetic (50 keV–1.5 MeV) 
electron fluxes at the geosynchronous orbit. The model-data 
agreements are better when time-varying magnetic field was 
employed, indicating the importance of magnetic field configu-
ration in controlling the transport of radiation belt particles.

2.2 The Comprehensive Ring Current Model (CRCM)

The Comprehensive Ring Current Model (CRCM) com-
bines the Rice Convection Model (RCM) [Harel et al., 1981] 

and the Fok ring current model [Fok et al., 2001b]. The Fok 
ring current is similar to the RBE model described above, 
except the M range is chosen to cover the ring current energy MM
(~ 1–300 keV) and charge exchange loss is also included. To 
couple with the Fok model, the RCM algorithm for calculat-
ing Birkeland currents has been generalized to arbitrary pitch 
angle distribution [Fok et alangle distribution [angle distribution [ ., 2001b]. Plate 1 shows the model 
logic of the CRCM. Given an initial ring current distribu-
tion ( ftion ( ftion ( sfsf ), the RCM component of the CRCM computes the 
ionospheric electric current:

 (4)

where  is the current per unit area parallel to Bi; posi-
tive current is down into the ionosphere, Bi is the magnetic 
field strength in the ionosphere, jj is the number of par-
ticles of type j per unit magnetic flux in the range jj MMMM KK, K, K
and EjEjE  is the kinetic energy. The jj jj associated with a range jj

MMMM KK is related to the distribution function, KK fsfsf , by [Fok et 
al., 2001b]:

 (5)

The summation in (4) sums all the contributions from differ-
ent particle type (Ment particle type (Ment particle type (  and MM K) to the field aligned current. Given 
a specification of ionospheric conductance, the ionospheric 
potential, , is calculated by solving

 (6)

where  is a conductance tensor, and I is the magnetic dip II
angle. The Fok model then advances the plasma distribution 
using the electric field computed by (6) and at the same time 
calculates particle losses along drift paths. The updated 
distributions are then returned to the RCM to complete the 
computation cycle. 

Input models required for running the CRCM include a 
magnetic field model, the electric potential at high-latitude 
ionosphere boundary (near the polar cap), an ionospheric 
conductance model, and the plasma sheet distribution func-
tion at the equator at the CRCM outer boundary. Currently 
the Tsyganenko 1996 model [Tsyganenko 1995] is used for 
the magnetic field configuration. The electric potential at 
the polar boundary is modeled by the Weimer 2000 model 
[Weimer 2001] or by the Boyle model [WeimerWeimer Boyle et al., 1997]. 
The CRCM conductance model superimposes a Hardy et al.
[1987] auroral enhancement on a background conductance 
based on the MSIS neutral atmosphere [Hedin, 1991], the 
IRI-90 ionospheric model [Bilitza et al., 1993], and collision-
frequency expressions given by Riley [1994]. The plasma 
sheet distribution at 10 RE is assumed to be a Maxwellian EE
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Plate 1. The model logic of the Comprehensive Ring Current Model. Blue boxes are the Rice Convection Model, red 
boxes the Fok model, and green boxes input models.

Plate 2. Left panel: equatorial flux of 32 keV H
+

 inverted from the HENA image at 09:00 UT on 12 August 2000. 
Middle panel: simulated flux at the same energy and time calculated by the CRCM. Right panel: simulated flux using 
the Weimer electric field model.
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with constant density of 0.5 cm-3 and temperature 5 keV. 
In some studies, we varied the boundary temperature and 
density according to the upstream solar wind conditions 
[Fok et al., 2003].

The CRCM is the first ring current model that self-con-
sistently solves the magnetospheric plasma distribution 
and ionospheric current and potential, with the consid-
eration of arbitrary pitch-angle distribution in the ring 
current plasmas. The CRCM has been very successful in 
reproducing observable features of the storm-time ring 
current. In modeling the storm on 2 May 1986, near the 
peak of the storm when convection was strong, the model 
developed a region of strong outward electric field at L
~ 3 in the dusk-midnight sector [Fok et al., 2001b]. This 
appears to be the same feature that was noted by Rowland 
and Wygant [1998] and and Wygantand Wygant Burke et al. [1998] in CRRES elec-
tric data for major storms. In the ionosphere, this signature 
corresponds to a strong poleward field in the subauroral 
region that has very similar characteristics as the subau-
roral polarization stream (SAPS) identified by Foster and 
Vo [2002]. The CRCM also reproduced and provided pos-
sible explanations to the post-midnight enhancements in 
storm-time ring current seen by the High Energy Neutral 
Atom (HENA) imager on the Imager for Magnetopause-
to-Aurora Global Exploration (IMAGE) mission [C:son 
Brandt et al., 2002]. Fok et al. [2003] found that the post-
midnight peak is a combined effect of the irregularities in 
the ionosphere conductance and the strong shielding field 
generated by the ring current ions. Plate 2 shows the equa-
torial f lux of 32 keV H+ inverted from the HENA image 
[Roelof and Skinner, 2000] at 09:00 UT on 12 August 2000 Roelof and SkinnerRoelof and Skinner
(left panel), showing a f lux maximum near dawn. The 
middle panel plots the simulated flux at the same energy 
and time calculated by the CRCM. It can be seen that the 
CRCM produces a very similar local-time distribution. In 
contrast, the simulation using the empirical electric field 
model of Weimer [1995] gives the peak flux at the dusk-
midnight sector (right panel). This comparison strongly 
illustrates the superiority of self-consistent electric field 
over empirical models.

2.3 Dynamic Global Core Plasma Model (DGCPM)

A Dynamic Global Core Plasma Model (DGCPM) has 
been developed to calculate the plasma flux tube contents 
and equatorial plasma density distribution versus time 
throughout the magnetosphere, including the influences 
of convection on the flux tube volumes, as well as daytime 
refilling and nighttime draining of plasma [Ober et al., 
1997]. The model solves the following continuity equation 
of the total ion content of a magnetic flux tube:

 (7)

where D/D/D/ t is the convective derivative in the E B frame 
of the flux tube, N is the total ion content per unit magnetic NN
flux, FNFNF  and NN FSFSF  are the ionospheric fluxes in or out of the SS
flux tube at northern and southern ionospheres, and Bi is the 
magnetic field at the ionospheric foot points of the flux tube. 
The equatorial plasma density is assumed to be equal to the 
average density in the flux tube.

The net flux of plasmas in or out of a flux tube depends 
on the instantaneous content of the flux tube. The particle 
flux on the dayside, FdFdF , is given by:

 (8)

where nsat is the saturation density [satsat Carpenter and Anderson, 
1992], n is the plasma density in the flux tube, and Fmax is 
the limiting flux from the ionosphere [Chen and Wolf, 1972]. Chen and WolfChen and Wolf
The nightside flux, Fn, is approximated by:

 (9)

where ? is the downward diffusion lifetime on the nightside, 
which is assumed to be 10 days.

Observable features in the plasmasphere are reproduced 
by the DGCPM. A subauroral ion drift (SAID) event was 
modeled by the DGCPM [Ober et al., 1997]. They found 
that imposing a SAID event in the dusk-evening sector of 30 
minutes leads to the formation of a narrow embedded plasma 
density troughs generally resemble plasmasphere density 
profiles observed from DE 1 measurements. The DGCPM 
has the feasibility to allow user provided convection field 
and magnetic field (flux tube volume), and is thus easy to 
couple with other models.

3. PRELIMINARY RESULTS ON MODEL COUPLING

We have started coupling the DGCPM, CRCM, and RBE 
in various ways. We have incorporated the DGCPM inside 
the CRCM, driving the plasmasphere model with the electric 
field output from the CRCM. The storm on 17 April 2002 
is studied. At 10:20 UT on 17 April 2002, an interplanetary 
shock was recorded by the Advanced Composition Explorer 
(ACE) satellite. About 50 minutes later at ~ 11:10 UT, the 
shock arrived at the Earth, strongly compressed the dayside 
magnetopause and produced a sharp jump in the symH 
index. A magnetic storm commenced after the compression 
and symH attained a value of –90 nT at ~19:00 UT. From 
19:00–20:40 UT, IMAGE was ascending from the apogee. 
The EUV imager [Sandel et al., 2000] on IMAGE captured 
clear images of the plasmasphere during this period of time. 
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The upper panels of Plate 3 show four EUV images from 
19:05–20:37 UT. The dim area on the nightside is the shadow 
of the Earth. As shown in Plate 3a, a plasma plume was seen 
on the dusk-side at 19:05 UT. At this moment, a substorm 
onset was detected by the IMAGE/FUV SI13 aurora images 
and IMAGE/HENA saw ring current injection after the onset 
(Jerry Goldstien, private communication). At 19:46 UT, an 
indentation of the plasmapause was seen in the EUV image 
(Plate 3b). This notch feature then moved westward to the 
dayside in the following hour and disappeared at ~ 20:37 
UT (Plate 3c, d).

The lower panels of Plate 3 display the calculated plasma-
sphere density by the DGCPM, which drives the flux tube 
motion by the CRCM electric field. The black dashed lines 
are convection potential contours with co-rotation. As shown 
in Plate 3e–h, the combined DGCPM/CRCM reproduces 
the plasmasphere undulation seen by IMAGE/EUV data. 
By comparing the calculated electric potentials during and 
prior the undulation event, we found that the model predicts 
a strong shielding field produced by ring current injection 
during the undulation. The weak convection field at the 
plasmapause at 18–21 MLT causes outward motion or undu-
lation of the plasmapause at this local time region (Plate 3f). 
The notch is then striped westward by the stronger convec-
tion later in time (Plate 3g–h). This scenario is consistent 
with the HENA data, which detect a substorm injection and 
enhanced ring current pressure during the plasmasphere 
undulation at ~ 19–20 UT. The field aligned current gener-
ated from the freshly injected ring current ions shields (or 
even over-shields) the plasmasphere region from the convec-
tion field and produces this wavy structure of the plasma-
sphere. Liemohn et al. [2004] simulated the plasmasphere 
shape during this storm using three electric field models: the 
McIlwain analytical model, the Weimer statistical model, and 
a self-consistent model. They also found the self-consistent 
model is the best in reproducing the plasmapause locations 
observed by the IMAGE/EUV data.

An accurate specification of the plasmasphere is necessary 
in order to precisely calculate the pitch-angle and energy dif-
fusion of radiation belt particles due to wave-particle inter-
actions. We have also integrated the DGCPM with the RBE 
model, driving both the transport of the plasmasphere and 
radiation belt plasmas with the same electric and magnetic 
fields. We have used the combined DGCPM/RBE model to 
simulate the energetic electron fluxes during the space storm 
on May 2–6, 1998. A coronal mass injection (CME) and 
magnetic cloud were observed by the ACE satellite on May 
2–4. At the end of the CME on May 4, a high-speed stream 
was observed with large increases in solar wind speed, tem-
perature and magnetic field [Skoug et al., 1999]. This stream 
hit the magnetosphere on early May 4 and triggered a geo-

space storm with a minimum Dst of –200 nT. The recovery 
phase was long and jagged as seen in the Dst index.

We calculated the energetic electron fluxes on May 2–6, 
1998 using the RBE model with the electric and magnetic 
fields output from the batsrus MHD model. The magnetic 
and electric field is updated every 4 minutes. The plasma 
sheet distribution at the nightside boundary of the RBE 
model at 10 RE is assumed to be a kappa function with den-EE
sity (Nsity (Nsity ( ps) and characteristic energy (E) and characteristic energy (E) and characteristic energy ( ps) modeled by linear 
relations with the upstream solar wind conditions [Zheng et 
al., 2003]: 

 (10)

where Nps is in cm-3, Nsw is the solar wind density in the same swsw
unit, amu is the atomic mass unit of electron, Eps is in keV, 
and Vsw is solar wind velocity in km s-1. Note that there is a 
3-hour time lag between the plasma sheet condition and solar 
wind condition at the dayside magnetopause.

We have performed two model runs for this event. In the 
first one we consider particle drift and loss-cone loss only. In 
the second run, we include the effect of energy diffusion due 
to interacting with the whistler mode waves. Summers and 
Ma [2000] have derived a simple expression for the energy 
diffusion coefficient based on gyroresonant electron-whistler 
mode wave interaction and parallel wave propagation. They 
expressed the energy diffusion coefficient, DEEDD , as:

 (11)

where En is electron kinetic energy normalized by electron 
rest mass energy,  is the turbulence spectral index which 
is assumed to equal to 5/3, BB is the whistler amplitude, Bo
is the magnetic field at the equator, ne is the plasmasphere 
density, and the rest of the symbols represent their commonly 
used definitions. In order for electrons to resonate with whis-
tler waves, the kinetic energy of the electron must exceed a 
critical value [Summers and Ma, 2000]:

 (12)

where Ec is the normalized critical energy and vA is the normalized critical energy and vA is the normalized critical energy and v is the 
Alfven speed. As shown in (11), strong energy diffusion 

γ
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Plate 4. Top panel: simulated geosynchronous electron fluxes at 104˚ longitude on May 2-7, 1998, without energy dif-
fusion. Middle panel: same as the top panel except with energy diffusion. Bottom panel: energetic electron data from 
LANL satellite 1994-084.
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Plate 5. The model logic of the plasmasphere/ring-current/radiation-belt interaction model (PRRIM).
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happens just outside the plasmapause, where Bo is strong and 
ne is low. While the shape of the plasmasphere is changing 
during a storm, the region of strong energy diffusion varies 
accordingly. We calculate the energy diffusion coefficient 
using (11) with ne given by the DGCPM imbedded in the 
RBE model. The whistler wave amplitude ( BB) is assumed 
to be a constant of 50 pT throughout the storm.

Plate 4 shows the simulated and observed electron dif-
ferential fluxes at energies from 50 keV to 1.3 MeV at the 
geosynchronous orbit at the longitude of the Los Alamos 
National Laboratory (LANL) satellite 1994-084. The top 
and middle panels are calculated electron fluxes without and 
with energy diffusion, respectively. The LANL Synchronous 
Orbit Particle Analyzer (SOPA) data are plotted in the bottom 
panel. As shown in the figure, the calculated fluxes generally 
agree well with the LANL data. The sharp flux drop out at 
04:00–06:00 UT on May 4 is seen in both the observed and 
calculated data. This flux decrease is due to the incursion of 
the dayside magnetopause inside the geosynchronous orbit. 
The batsrus MHD model is able to reproduce the shape 
of this severely-compressed magnetosphere. During the 
recovery phase of the storm from late May 4 to May 7, the 
observed fluxes with energies  300 keV slowly increased 
except at 04:00–06:00 UT on May 5. The simulated fluxes 
show a jump also at 04:00–06:00 UT on May 5 when the 
interplanetary magnetic field (IMF) was turning northward 
(Plate 4, top two panels). However, other than this fluctua-
tion, the calculated fluxes are pretty steady during the storm 
recovery. With the inclusion of energy diffusion (middle 
panel), the calculated fluxes are higher than those without 
energy diffusion and agree better with the LANL data. In 
particular, on late May 4 to early May 5, the calculated elec-
tron distributions with energy diffusion show a slow increase 
in fluxes, consistent with the LANL data. 

4. A PLASMASPHERE/RING-CURRENT/RADIATION-
BELT INTERACTION MODEL

The simulation results from coupling the ionosphere-mag-
netosphere and hot-cold plasmas presented in the previous 
sections are very encouraging. However, there is still much 
room for improvement. The CRCM ion flux shown in Plate 
2 is calculated using an empirical model of the height inte-
grated ionospheric conductance. Khazanov et al. [2003a] 
calculated the ionosphere conductance according to the 
precipitated energetic electron and ion fluxes output from 
their self-consistent ring current model during the storm on 
2 May 1986. They found deeper penetration of the convection 
electric field when conductances were calculated self-con-
sistently. In order to estimate the effects of energy diffusion 
on radiation belt enhancement, we have applied a constant 

wave amplitude. In fact, it is well known that the rate of wave 
growth and thus wave amplitude depends on the temperature 
anisotropy of energetic electrons and ions [e.g., Kennel and 
Petsheck, 1966].

Plate 5 presents our design of a comprehensive plas-
masphere/ring-current/radiation-belt interaction model 
(PRRIM). Many of the important processes linking the 
ionosphere, ring current, plasmasphere and radiation belt are 
included. In PRRIM, the geospace system is solely driven by 
the solar wind, IMF and solar radiation. The magnetic field 
model, cross polar cap potential, ion and electron plasma 
sheet distributions are determined by the IMF, solar wind 
density and temperature in the subsolar region. The back-
ground conductance varies with the solar F10.7 flux. The 
simulated ion and electron precipitations from the CRCM 
and RBE model are utilized to calculate the auroral con-
ductance. The energy and pitch-angle diffusion of energetic 
ions and electrons are computed consistent with the ion and 
electron anisotropies [Jordanova et alelectron anisotropies [electron anisotropies [ ., 2001; Khazanov et 
al., 2003b; Horne et al., 2003], in the core plasma environ-
ment given by the DGCPM.

The CRCM, RBE and DGCPM are driven by the same 
magnetic field model and the electric field output from the 
CRCM. In the recent Tsyganenko models [Tsyganenko 1995; 
2002], Dst is used to model the strength of the symmetric 
and partial ring current. We propose a more self-consistent 
way to simulate the ring current effect on the global magnetic 
configuration, that is to modify the symmetric and partial 
components of the ring current in Tsyganenko models by the 
actual ion currents calculated in the CRCM. In the case of 
MHD provided magnetic and electric fields, implementing 
the ring current contribution to the magnetic field would 
not be so straight forward. However, better description of 
the subauroral electric field can be obtained by replacing 
the MHD electric field by the field output from the CRCM. 
The MHD model only provides the potential at the CRCM 
high-latitude boundary. 

5. DISCUSSIONS AND SUMMARY

The main purpose of this paper is to present our design of a 
plasmasphere/ring-current/radiation-belt interaction model. 
With all the components having been developed in certain 
degree of maturity, it is timely to couple and integrate these 
models together interactively. The PRRIM outlined in Plate 5 
does not represent a perfect and fully completed model of the 
inner magnetosphere. One obvious weakness of the PRRIM 
is its crude or lack of self-consistency in handling the mag-
netic field. A vigorous way to treat the magnetic coupling 
self-consistently requires a large amount of computer time 
and careful schemes to assure numerical stability [DeZeeuw 

FOK ET AL.  217

∆

≥



et al., 2001; Gombosi et al., 2003]. We have chosen a sim-
ple approach (modifying the ring current component in 
Tsyganenko models) to implement the effect of ring current 
on the magnetic field because we aim to develop a precise 
but efficient model of the inner magnetosphere. The scheme 
presented in Plate 5 already represents a major progress in 
modeling the M-I system. In summary, we have

(1)  given brief descriptions of three state-of-the-art models 
of the ring current (CRCM), radiation belt (RBE) and 
plasmasphere (DGCPM).

(2)  Coupling results of these models produce certain 
observed features of the inner magnetosphere: the 
post-midnight peak of storm main phase ring current 
ion flux; the plasmaspheric disturbance produced by 
substorm plasma injections, and the slow ramp-up of 
geosynchronous fluxes associated with energy diffu-
sion.

(3)  We have outlined a framework on coupling these mod-
els interactively to develop a comprehensive plasma-
sphere/ring-current/radiation-belt interaction model.
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